Scaling networks of cosmic defects, such as strings and textures, actively generate scalar, vector and tensor metric perturbations throughout the history of the universe. In particular, vector modes sourced by defects are an efficient source of the CMB B-mode polarization. We use the recently released BICEP2 and POLARBEAR CMB B-mode polarization spectra to constrain properties of a wide range of different types of cosmic strings networks. We find that in order for strings to provide a satisfactory fit on their own, the effective inter-string distance needs to be extremely large -spectra that fit the data best are more representative of global strings and textures. When a local string contribution is considered together with the inflationary B-mode spectrum, the fit is improved. We discuss implications of these results for theories that predict cosmic defects.
Scaling networks of cosmic defects, such as strings and textures, actively generate scalar, vector and tensor metric perturbations throughout the history of the universe. In particular, vector modes sourced by defects are an efficient source of the CMB B-mode polarization. We use the recently released BICEP2 and POLARBEAR CMB B-mode polarization spectra to constrain properties of a wide range of different types of cosmic strings networks. We find that in order for strings to provide a satisfactory fit on their own, the effective inter-string distance needs to be extremely large -spectra that fit the data best are more representative of global strings and textures. When a local string contribution is considered together with the inflationary B-mode spectrum, the fit is improved. We discuss implications of these results for theories that predict cosmic defects.
Observations of the Cosmic Microwave Background (CMB) radiation have established a compelling case for an inflationary beginning of our universe [1] [2] [3] [4] [5] [6] . Inflation resolved the monopole, the flatness and the horizon problems and, as a bonus, provided a mechanism for generating small fluctuations in the metric of space-time [7] [8] [9] [10] [11] [12] [13] . CMB temperature anisotropies measured by COBE, WMAP and Planck are in a spectacular agreement with predictions of simplest inflationary models [14] [15] [16] . The same models also predict a scale-invariant spectrum of gravitational waves [7] that can be imprinted in the CMB temperature and polarization [17] [18] [19] . A smoking gun of the gravity waves is the so-called B-mode pattern of polarization [20] [21] [22] [23] . Recent data from BICEP2 [24] provided tantalizing evidence for this signal at an amplitude that is consistent with predictions of the simplest inflationary models. The B-mode signal seen by BICEP2 can also contain contributions from other sources. The purpose of this paper is to examine the implications of the BICEP2, as well as the recently released POLARBEAR results [25] , for another potential source of B-modescosmic strings.
Particle theory suggests that the universe went through a series of symmetry breaking phase transitions as it expanded and cooled. Cosmic defects, such as monopoles, strings, domain walls and textures, could form in these phase transitions and potentially survive until the time of last scattering and even today [26, 27] . Cosmic strings were actively studied as an alternative to inflation mechanism for generating the structure in the universe [28] . Eventually, it became apparent that CMB and matter power spectra predicted by cosmic strings were distinctly different from what was observed and they have been ruled out as the main seed for structure formation [29] . However, in models with multiple scalar fields, strings can form at the end of inflation [30, 31] and contribute a small amount of power to the CMB temperature anisotropy [32] [33] [34] [35] [36] . Such scenarios include supersymmetric grand unified models [37] [38] [39] and brane inflation [40] [41] [42] [43] [44] .
Among the predicted signatures of cosmic defects is the CMB B-mode polarization on sub-degree angular scales [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . The nature of cosmological perturbations generated by defects is qualitatively different from those set by inflation. The latter sets the initial conditions for the metric and matter inhomogeneities which subsequently evolve unperturbed. Defects, on the other hand, actively generate scalar, vector and tensor perturbations throughout the history of the universe [46, 55, 56] . Because vector modes quickly decay when not continuously sourced, they are completely negligible in the inflationary mechanism. But, for defects, they are comparable to scalar modes and can be an efficient source of the CMB Bmode polarization. The tensor modes, or gravity waves, are also produced by defects but with a lower impact on CMB because of their oscillatory nature [46] .
In order for a string network to maintain scaling, long strings must chop of loops that subsequently radiate away. Pulsar timing measurements [57] and gravitational wave detectors [58] strongly constrain the amount of gravitation waves produced by loops of local cosmic strings [59] [60] [61] [62] , giving bounds much tighter than the current CMB constraints. However, the amount of the gravitational wave emission from string loops and kinks is not as established [36, 63] as effects of the large scale dynamics of the string network on CMB. Also, the tight gravity wave bounds do not apply to global strings 1 , i. e. those formed as a result spontaneously broken global (as opposed to local) gauge symmetries. We note that future B-mode experiments can come close to providing bounds [48, 54] comparable to those from gravity wave probes.
In this paper we use the newly released BICEP2 and POLARBEAR data to constrain properties of a wide variety of cosmic string networks. We consider two cases: one in which there is no contribution to B-modes from the inflationary gravity waves and one in which there is a mixture of the inflationary and string contributions. We provide quantitative answers to the following questions: 1) Can cosmic strings provide a good fit to the BICEP2 and POLARBEAR B-mode spectra without any contribution from inflationary tensor modes? 2) Is the fit improved by adding a cosmic string contribution to the inflationary B-modes? 3) What are the implications of the new B-mode data for the properties of cosmic string networks?
In this paper we will refer to the tensor-to-scalar ratio r evaluated at the scale k = 0.002 Mpc −1 . To model the strings, we use the unconnected segment model (USM) [64] [65] [66] [67] [68] , which offers the ability to mimic the CMB spectra from different types of strings. The USM model was introduced in [29, 65] , based on the approach suggested in [64] , developed into its present form in [66] , and implemented in a publicly available code CMBACT [67] . The string unequal time correlators of the USM model can be derived using analytical expressions developed in [68] , which we use in this work.
In the USM, in addition to the dimensionless string tension Gµ, there are two important parameters -the scaling parameter ξ, which sets the effective inter-string distance 2 , and the root-mean-square (RMS) velocity v. On cosmological scales, probed by the CMB measurements, the fine details of the string evolution do not play a major role. It is the large-scale properties, such as the scaling distance and the rms velocity, that determine the shape of the string-induced spectra. The overall normalization of the spectrum depends on Gµ as well as the string number density, controlled by ξ.
The advantage of working with the USM is that one can quickly scan over spectra of many different types of cosmic defects to see if any of them happen to be favoured by data. Of course, this requires that USM is able to provide a satisfactory fit to the CMB spectra or, equivalently, to the stress-energy unequal time correlators (UETC), derived from available numerical simulations. For instance, it was shown in [36] that the USM can reproduce the CMB spectra derived from the simulations of local strings by [49, 51, 52] . Fits to UETC from simulations by other groups [69] [70] [71] can also be performed, but are not available at this time.
The thin red short dashed line in Fig. 1 shows a typical B-mode spectrum generated by local strings. It is primarily sourced by vector modes and has two peaks. The less prominent peak at ∼ 10 is due to rescattering of photons during reionization, while the main peak, at higher , is the contribution from last scattering. Both peaks are quite broad because a string network seeds fluctuations over a wide range of scales at any given time. The position of the main peak is determined by the most dominant Fourier mode stimulated at last scattering, which is set by the values of ξ and v [50] . The power tends to move to lower multipoles (larger angular scales) when either v or ξ are increased. Increasing v also increases the width of the peak. In fact, because v < 1 sets a maximum scale, it takes a large increase in ξ to move the peak to the left (to lower ) even by a small amount. Let us briefly comment on how we quantity the string contribution to CMB. Bounds on cosmic string are often quoted solely in terms of Gµ. Such bounds implicitly assume the scaling configuration of local strings in the Abelian Higgs model, where at any time there is roughly one Hubble length string per Hubble volume. More generally, the bound on strings depends on the combination of Gµ and the string number density 3 N s ∝ ξ −2 . Typically, ξ 1, but can be much smaller in models with lower intercommuting probabilities. Moreover, different types of observations probe different combinations of ξ and µ. As shown in [42] , CMB power spectra (and other two-point correlation functions) constrain µ √ N s ∼ µ/ξ, while gravity wave probes essentially constrain the string energy density given by µ/ξ 2 . To avoid the modeldependence when interpreting the CMB bounds in terms of Gµ, we follow the Planck Collaboration [72] and quantify the amount of the anisotropy contributed by strings in terms of f 10 , which is the fractional contribution of strings to the CMB temperature spectrum at = 10, f 10 ≡ C str 10 /C tot 10 . The first year Planck data constrains it at f 10 0.03 [72] . In this work we do not fit to Planck data, instead focusing on the implications of the B-mode data alone. Values of f 10 that exceed Planck bounds can be disregarded. We also ignore the small theoretical uncertainty involved in calculating the lensing contribution to the B-mode spectrum.
We first discuss how the string only model compares to inflation. The blue solid lines in Fig. 2 show the marginalized likelihoods of f 10 , ξ and v obtained by fitting the string B-mode spectra, combined with lensing, to the BI-CEP2 and POLARBEAR data. There is a well-defined peak at f 10 = 0.036 ± 0.008, with preference for larger ξ values. The overall χ 2 is only slightly worse (∆χ 2 = 2.65) compared to inflation, although the string model has 2 additional parameters. The corresponding string contribution to the B-mode spectrum is shown with a thin blue long dash line in Fig. 1 , and strings+lensing with a thick blue long dash line. Not surprisingly, the data, which has a bump at ∼ 100, favours a spectrum with a peak at a lower , which is at ∼ 250 for the best fit model. A model with such large values of ξ corresponds to rare and heavy strings -the implied value of Gµ in this model is 5 × 10 −6 , but their number density is low, which allows it to remain consistent with Planck bounds. The peak position for this model is closer to that of global strings and textures [51, 55] , and certainly not representative of local strings [36] . This is also clear from the likelihood plot for ξ, which effectively rules out models with ξ < 1.8 (2σ) as the only primordial source of B-modes. For reference, the B-mode spectra from the local string simulation of [49] correspond to the USM with ξ ≈ 0.4 [36] . We can foresee that models with global strings, textures [51, 55] or global phase transitions, of the kind discussed in [73, 74] , would provide a much better fit than local strings.
We now consider the model in which both strings and inflation generate B-modes. The red dotted lines in Fig. 2 show the marginalized likelihoods of r and the string parameters in a model with an additional inflationary tensor mode contribution. In this case, the fit is improved relative to the model with no strings, with ∆χ 2 = −6.06 and 3 additional parameters. The marginalized string fraction is f 10 = 0.025 ± 0.014, which corresponds to Gµ ≈ 4 × 10 −7 , with slight preference for lower values of ξ, characteristic for local strings, and r = 0.14 ± 0.05. Fig . 3 shows the marginalized joint likelihood for r and the strength of the string contribution f 10 . It clearly shows that a combination of the two contributions fits the data better than when either of them is zero. The thin vertical line indicates the approximate upper bound on f 10 from Planck 4 . It should be noted that the improvement in the fit comes primarily from data points at higher , while the BICEP2 collaboration warns [24] that points at > 150 should be considered as preliminary.
Our findings carry implications for models that predict defects. The inability of local strings to fit the B-mode spectrum on their own poses a problem for the simplest and most studied brane inflation models in which inflation ends with a production of cosmic superstrings [41] [42] [43] . Such models predict tiny values of r, and the only observable B-modes could come from strings, which are effectively of local, Nabmu-Goto, type. The fact that local strings do not fit the BICEP2 data puts these scenarios under pressure. Generally, since r tends to be small in hybrid inflation-type models, it is not clear if inflationary models with such large values of r can be consistent with production of cosmic strings.
The main reason cosmic strings struggle to provide a good fit to the BICEP2 data is the presence of B-mode power on smaller angular scales. This power could be suppressed if strings were to form not after but during inflation [75, 76] . Such strings could remain far-separated and prevented from reaching a scaling solution until the onset of decoupling 5 . A related scenario has recently been discussed in [77] as a way of eliminating the presence of loops during the radiation era and, thus, evading the tight pulsar bounds on cosmic strings. There may be an impetus for investigating such models further in the context of string-sourced B-modes.
To summarize, we have shown that the B-mode polarization spectra measured by BICEP2 and POLARBEAR are consistent with there being a contribution from vector modes sourced by cosmic strings. Working with the USM model allowed us to scan over a wide range of scaling defect models parametrized by the effective density parameter ξ and the RMS velocity v. In order for strings to provide a satisfactory fit to data on their own, the ξ parameter needs to be extremely large, well beyond values typical for local strings. The string spectra that fit the data best are more representative of global strings and textures.
When the string contribution is considered together with the inflationary B-mode spectrum, they improve the overall fit. This is primarily because the string contribution allows the model to pass through the data points at > 150. The best fit USM model in this case is consistent with B-mode spectra from simulations of local strings.
In both cases, with and without the inflationary contribution, the best fit for f 10 is close to, but still below the bound set by Planck based on fits to the CMB temperature spectra. Thus, we expect that a joint fit that included the Planck data would not significantly change the conclusions of this paper. Such a fit must be performed in the future when more data becomes available.
Our work demonstrates that interesting B-modes can be produced by cosmic defects. Other interesting possibilities include phase transitions [74] and primordial magnetic fields [78, 79] . Thus, BICEP2 results are exciting not only because of the potential discovery of the signal from inflationary gravity waves, but also because they have pioneered the era of precision B-mode science -a new frontier for testing fundamental physics with cosmology.
